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FOREWORD 

The development  work  summarized  herein,  which was conducted 
by t he   Mechan ica l   P roduc ts   D iv i s ion   o f  TRW Inc. ,  was per formed 
under NASA Cont rac t  NAS2-4444. Deta i l s   o f   t he   work   pe r fo rmed  
a r e   d e s c r i b e d   i n  s i x  s e p a r a t e   t e c h n i c a l   r e p o r t s  as re fe renced 
i n   t h i s   r e p o r t .  The Con t rac t   Techn ica l   Mon i to r  was P. D. 
Quat t rone,   B io techno logy   D iv is ion ,  NASA Ames Research  Center, 
M o f f e t t   F i e l d ,   C a l i f o r n i a .  
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AIRCREW OXYGEN  SYSTEM DEVELOPMENT 
F I  NAL SUMMARY REPORT 

A. D. Babinsky, R .  G. Huebscher, R. J. KiralY, 
J. D. Powell T. P. O'Grady  and 

I NTRODUCT 

Aircraft  oxygen  systems  are  currently limi 

I ON 

ted  to  the  use  of  stored  supplies of 
oxygen in the  form of liquid oxygen, high pressure  gaseous  oxygen,  or  solid 
state  chemical  oxygen.  Use  of  oxygen  from  these  sources  limits  the  duration 
of a mission to the  amount  of  stored  gases  and  creates  somewhat  of a problem 
in logistics  and  service to provide  the  needed  oxygen. 

A means of avoiding  these  problems  is  the  provision  of a method  of  continuously 
generating  oxygen  on-board  the  aircraft  as  oxygen  is  required.  This  can  be 
accomplished  electrochemically  by  electrolysis of water  or  concentration of 
oxygen  from  the  ambient air. The  size  and  power  requirements  of  these  electro- 
chemical  oxygen  generators  would  be  large  when  coupled  to an open  loop  aircraft 
oxygen  system.  If,  however, a rebreather  loop  is  provided  such  that  the  oxygen 
used  corresponds  to  the  pilot's  metabolic  consumption,  the  size  of  the  oxygen 
generator  and  rebreather  loop  becomes  competitive  with a present-day LOX con- 
verter  system. 

The rebrzather  loop  functions to recondition  the  exhaled  gases  such  that it 
can  be  reused in the  breathing  cycle.  The  rebreather  thus  removes  exhaled 
carbon  dioxide,  nitrogen,  water  vapor and heat. 

Carbon  dioxide  can  be  removed by absorption in replaceable  canisters by regen- 
erative  absorbers or by a  continuous  process  electrochemical  device. The re- 
generative  absorbers  are  too big and  complex  for  the  intended  application. 
Replaceable  canisters  re-introduce  a minor logistics  problem. The preferred 
mode  of  carbon  dioxide  removal is  the  continuous  electrochemical  process. 
Generation  of  oxygen by water  electrolysis  was  selected  to  make  the  system in- 
dependent  of  air  source (high altitude or space  application).  The  water  wi 1 1  
be  added  by  refill of a  water  tank  between  missions.  Ultimately,  one  can 
envision  the  recovery  of  water  from  the  pilot's  breath  and  the  reaction  products 
of the  carbon  dioxide  concentrator  and  thus  ''close  the loop" such  that  water 
ref i 1 1  requi  rements  would  be  reduced. 

Pacing  items in the  NASA  Aircrew  Oxygen  System  (NAOS)  development  were  the 
TRW Static  Water  Feed  Electrolysis  Cell  and  the TRW Carbon  Dioxide  Concentrator. 
The  Static  Water  Feed  Electrolysis  Cell,  which  operates  independent of gravi- 
tational  orientation,  has  evolved  from  TRW-sponsored  programs  and a NASA  program 
for  development  of  an  orbital  test  electrolysis  cell  (Contract  No.  NASw-998). 
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The  Carbon Diox ide  Concentrator  i s  a unique  device wh 
by TRW. This  e lectrochemical   device  separates  carbon 

i ch was i n i t i a l l y  developed 
d i o x i d e   f r o m   a i r   w h i l e  

p r o d u c i n g   e l e c t r i c a l  power.  Hydrogen, which i s   r e q u i r e d   t o   o p e r a t e   t h e   c e l l ,  
i s   d e r i v e d   f r o m   t h e   o p e r a t i o n   o f   t h e   e l e c t r o l y s i s   c e l i .  

P r i o r   t o   t h e  award of t h e  NAOS Development  Contract, NAS2-4444, l i f e   c a p a b i l i t y  
t e s t s  were  per formed  on  both  the  e lect ro lys is   ce l l  and carbon  d iox ide  concentrator  
us ing 3" x 3" t e s t   c e l l s .   T o t a l   o p e r a t i n g   t i m e   f o r   t h e   e l e c t r o l y s i s   c e l l ,   u s i n g  
s ta t i c   wa te r   f eed ,  was over  3,000 hours w h i l e  9,150 hours  were  totaled on the  
TRW Carbon  Dioxide  Concentrator. 

The b a s i c   o b j e c t i v e s   o f   t h e  development  program  are summarized  as follows: 

Design  the  system  based on current   technology  and  fabr icate 
p ro to type  model. 

. Design,   fabr icate  and  test  a l abo ra to ry  model oxygen  generating 
e l e c t r o l y s i s  module w i t h  s t a t i c   w a t e r  feed,  conduct  feed  water 
p u r i t y   t e s t s ,  and  perform  thermal  analysis.  

. Design,   fabr icate and t e s t   b o t h   s i n g l e   c e l l  and fu l l - sca le   l ab -  
o r a t o r y  model o f  a carbon  dioxide  concentrator,  perform  thermal 
ana lys i s  and  develop  improved  version  of  concentrator  module 
(Design I I ) . 

* Des ign,   fabr icate and t e s t   l a b o r a t o r y  models o f   t he   sys tem 's  
power conversion and condi t ioning  equipment.  

. Design,   fabr icate or purchase and test  breadboard  models o f   t h e  
remaining  system components. 

- Des ign,   fabr icate and t e s t  a breadboard o f  the  complete  a i rcrew 
oxygen  system  using  laboratory  models  of  the components. 

- Conduct  long-term  operat ing  tests on t h e   l a b o r a t o r y   e l e c t r o l y s i s  
module,  the C02 c o n c e n t r a t o r   s i n g l e   c e l l s ,  and C02 concentrator  
l abo ra to ry  module. 

. Provide a F l i g h t  Breadboard  System  by  redesign and use o f   Labora tory  
Breadboard  System  type  components. 

- Dupl icate  the  hardware  requi red  to   mainta in   the  laboratory   bread-  
board as a working  system. 

- P r o v i d e   f l i g h t   d a t a   a c q u i s i t i o n  equipment f o r  mon i to r i ng  and  record- 
i ng   sys tem  pa ramete rs   du r ing   f l i gh t   t es t i ng .  

- Provide  equipment  and  associated  spare  parts  necessary t o   c o n v e r t  
C - 1 3 1  a i r c r a f t   e l e c t r i c a l  power in to   the  resources needed  by the FBS. 

- Conduct f l i g h t   t e s t  program, i n c l u d i n g   p r e - f l i g h t ,   f l i g h t  and post -  
f l i g h t   t e s t s .  

V 



Per fo rm  tes ts   demons t ra t i ng   t he   app l i cab i l i t y   o f   t he   ma jo r  components 
o f   t h e   A i r c r e w  Oxygen System t o  low temperatures and h i g h   a l t i t u d e s .  

Begin  man-in-the-loop  studies  using  the FBS. 

. Conduct p o s t - l i f e   t e s t   d i s a s s e m b l y   i n s p e c t i o n   o f   w a t e r   e l e c t r o l y s i s  
module  and s i n g l e   c e l l  C02 concentrators .  

All the  major  hardware  developed  on  the  program i s   i n  use  on o t h e r   r e l a t e d  
government  programs o r   p lans   a re   be ing  made f o r   t h e  use of t h i s  equipment. 
A I  1 ma jor   ob jec t ives  of  the  program  were  met. With t h e   s t a b l e   o p e r a t i o n   o f  
the  system  noted  under  the  wide  var lety  of   operat ing and s to rage  cond i t ions  
imposed, the  system  would  appear t o   o f f e r   p r o m i s e  f o r  use i n   o t h e r   t h a n   a i r -  
c r a f t   a p p l i c a t i o n s .  An example  would  be as oxygen  supply  and  carbon  dioxide 
removal  devices for  the   space   shu t t l e   veh ic le  where ON-OFF type  opera t ion  
over   vary ing   miss ion   dura t ions  and system  capaci t ies w i l l  be requi red.  

v i  



WATER ELECTROLYS I s SUBSYSTEM' 

Oxygen i s  produced i n  an e l e c t r o l y s i s   c e l l   t h r o u g h   t h e   f o l l o w i n g   e l e c t r o d e  
react ions:  

Cathode: 4H20 + 4e"--,40H- + 2H2 

Anode: 40H" 2H20 + O2 .t be- 

A schematic o f   t h e   b a s i c   e l e c t r o l y s i s   c e l l   c o n s t r u c t i o n  employed i n   t h e   c u r r e n t  
oxygen  generator i s  i l l u s t r a t e d   i n   F i g u r e  1. The e l e c t r o l y t e   i s   h e l d   i n  a 
porous  matrix  sandwiched  between  two c a t a l y t i c a l l y   a c t i v e   ( p l a t i n i z e d )   e l e c t r o d e s .  
The water  feed membrane mainta ins a separat ion of l i q u i d   e l e c t r o l y t e   i n   t h e  
feed  water   cav i ty  and  gas in  the  hydrogen  compartment  during  normal  cel l   operation. 
Water d i f fuses   f rom  the   feed membrane through  the  hydrogen  cavi ty and e lec t rode  
i n t o   t h e   c e l l   e l e c t r o l y t e   t o   r e p l a c e   t h e   w a t e r   l o s t  by e l e c t r o l y s i s ,  and thus 
ma in ta ins   t he   concen t ra t i on   o f   t he   ce l l   e lec t ro l y te   a t  a f ixed  value.  Replen- 
ishment o f   t he   f eed  membrane water i s  provlded  by a s t a t i c  feed mechanism which 
incorporates an external   water   reservo i  r .  

The Water E l e c t r o l y s i s  Module (WEM)  was designed as a labora tory   t ype  module 
u t i l i z i n g   a i r - c o o l e d   f i n s   f o r   h e a t  removal  and a stat ic  water  feed  system  such 
t h a t   t h e  module i s  capable o f   o p e r a t i o n   i n   a l l  degrees o f   r o t a t i o n .  The phys ica l  
c h a r a c t e r i s t i c s   o f   t h e   c e l l s  and  modules a re  summarized as fo l l ows :  

Electrode  Area: 33 i n 2   ( p e r   c e l l )  No. Cel Is per  Module: 10 

E 1 e c t  rode  Type : AB-6 Module  Size  (overal l )  : 7 . 7 5 ~ 1 1  . O x 4 3  

E lec t ro ly te   Mat r i x :   Asbes tos  Module  Weight: 50 pounds 

Ce l l   Mater ia l :   Po lysu l   fone Module Vol tage: 20 v o l t s  

Ce l l   S ize   (overa l l ) :   7 .75~11.0~0.36   Modu le  Power: 460 wat ts  

Current  Densi ty:  100 ASF 0 Generation  Rate: 0.15 l b / h r  

The i n d i v i d u a l   c e l l   s t r u c t u r a l  components  were  machined  from  extruded  polysulfone 
sheets.  Endplates  were  machined o f  3/8 i n c h   t h i c k   s t a i n l e s s   s t e e l   p l a t e .  
Cur ren t   co l lec to rs  were  formed  by  nickel  plat ing  copper  sheets,  fol lowed  by 
d r i l l i n g  and shear ing   to   s ize   a f te r   the   p la t ing   opera t ion .   E lec t rodes ,   asbes tos  
matr ices and p l a s t i c  screens  were  hand-cut t o  s i ze .  Module  assembly was accom- 
p l i shed   by   s tack ing   t he   i nd i v idua l  components f o r   t e n   c e l l s  on  an  assembly 
f i x tu re .   I nsu la ted   d rawbo l t s ,   t o rqued   i n  a predetermined  pattern  complete  the 
module  assembly. The completed  module  as  used i n   t h e  FBS i s  shown i n   F i g u r e  2. 

A t es t   s tand  was designed and  assembled t o  p r o v i d e   a l l   t h e   s e r v i c e s ,   c o n t r o l s  
and ins t rumen ta t i on   requ i red   f o r   ope ra t i on   o f   t he  Water E l e c t r o l y s i s  Module 
t e s t   p l a n   i n c l u d i n g   p a r a m e t r i c ,   c y c l i c  and  extended l i f e   t e s t i n g .  Several mod- 
i f i c a t i o n s  were made t o   i n c r e a s e   t h e   t e s t   r i g   r e l i a b i l i t y   i n c l u d i n g  removal o f  
so leno id   va l ves   f rom  shu tdown   c i r cu i t r y ,   i ns ta l l a t i on   o f  a four-day  capacity 
water   feed  tank  and  increased  water   capaci ty   in   condenser- f i   I ter   t rap assembl ies.  

2 
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Paramet r i c   t es t i ng  was accomplished  to  determine  the  performance o f  t h e  module 
over a range o f   ope ra t i ng   cond i t i ons   i nc lud ing   t empera tu res  up t o  182OF, pres- 
sures up t o  65 psig,  and k5.0 p s i   p r e s s u r e   d i f f e r e n t i a l   a c r o s s   t h e   c e l l   m a t r i x .  
Water  balance  studies  were  conducted  over a 121-hour t e s t   p e r i o d   i n d i c a t i n g  a 
range o f   e l e c t r o l y t e   c o n c e n t r a t i o n s   o f  0 t o  13% KOH i n   t h e  oxygen  compartment 
and 22% KOH i n   t h e  hydrogen c a v i t y .   I n i t i a l   c h a r g e   c o n c e n t r a t i o n  was 25% KOH. 
Oxygen p u r i t y  was shown t o  be  over 99.5% by  volume  as  measured  by a Beckman 
E-2 Ana lyzer .   Water   feed  tes ts   demonst ra ted   the   app l i cab i l i t y   o f   the   s ta t i c  
feed  concept  using  non-degassed  water.  Overcapacity was demonstrated  by 
operat ion  ato150 ASF for  8.5 hou rs .   Typ ica l   po la r i za t i on   da ta ,   w i th   ce l l   ope r -  
a t i n g   a t  175 F and 67 p s i g ,   i s  as f o l l o w s :  

Current  Densi ty,  Amps/FtL Ce l l   Vo l tage,   Vo l ts  

1.58 
1.64 
1.67 
1.71 
1.73 
1.76 

Tota l   paramet r ic   tes t   t ime was 280 hours. 

Module l i f e   t e s t i n g   c o n s i s t e d   o f   c y c l i c   t e s t s   t o   d e m o n s t r a t e   s h o r t - t e r m   c o l d  
s t a r t   o p e r a t i o n  and long- term  tests   to   demonstrate  long  term  operat ional  
s t a b i l i t y  and m a t e r i a l s   s t a b i l i t y .  The c y c l i c   t e s t s   c o n s i s t e d   o f   n i n e t e e n  
module  startup-shutdown sequences w i th   approx imate ly   ten   hours   o f   opera t ion  
per   run .   Modu le   opera t ing   cond i t ions   fo r   these  tes ts   ( to ta l   tes t   t ime - 200 
hours) were as fo l l ows :  

Current  Density,  amps/ft  100 

Stack  Temperature, OF 174- 185 
0 Pressure,   psig 

2 

2 50-67 
o2 t o  H~ AP, p s i d  1.0-2.8 

Stack  Voltage,  range, VDC 17.9-23.0 

Cycle  Duration,  range,  hrs.  5.3-10.2 

Long-term l i f e   t e s t i n g   s t a r t e d   i n  August 1968 a t  480 hours  module tes t   t ime  and 
cont inued  through  to  December 1969 accumulating an a d d i t i o n a l  10,014 h o u r s   t o  
y i e l d  a t o t a l   t e s t   t i m e   o f  10,494 hours.  During  the l i f e   o f   t h e  module  the 
assembly was exposed t o   e l e c t r o l y t e   f o r  a t o t a l   o f  13,607 hours. During  the 
1 i f e   t e s t  a number o f  shutdowns  were  encountered due t o  reasons as summarized: 

No. o f  Shutdowns Cause o f  Shutdown 

1 1  
32 
4 
6 
5 
1 

T e s t   r i g   s e r v i c e  
T e s t   r i g   m a l f u n c t i o n  
Opera to r   e r ro r  
S e r v i c e   i n t e r r u p t i o n  
Module  malfunct ion 
Modu 1 e recharge 
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Module   ma l func t ions   cons is ted   o f   two  separa te   fa i lu res   o f   water   feed  mat r ix  
support  screens,  two  incidences of e l e c t r o l y t e  leakage  through  epoxied  access 
p o r t   p l u g s  and  one f a i l u r e   o f   c e l l   m a t r i x .  The l a s t   f a i l u r e   o c c u r r e d   s e v e r a l  
days p r i o r   t o  scheduled  shutdown.  This f a i l u r e   o f   t h e   c e l l   m a t r i x  was the   on l y  
such f a i l u r e   o f  WEM # 1  d u r i n g   t h e   e n t i r e   t e s t   p e r i o d   o f  10,494 hours  spanning 
a p e r i o d   o f  16 months. 

Suppor t ing   tes ts  and analyses  were  conducted as fo l l ows :  

Thermal  Analysis 

A thermal  design  analysis was conducted to   de termine   the  most e f f e c t i v e  means 
of  removing  heat  generated i n   t h e   w a t e r   e l e c t r o l y s i s  module due t o   c e l l   i n -  
e f f i c i e n c i e s .  The c o o l i n g   s e r v i c e   l i m i t a t i o n s   o f   t h e  F-111 weapon system, 
which was the   app l i ca t i on   cons ide red   f o r   t he  NAOS System, were  included  in  the 
s tudy .   Ana lys i s   o f   f ou r   hea t  removal  methods c o n s i d e r e d   a p p l i c a b l e   f o r   a i r  r f t  
use i s   c o n t a i n e d   i n  Appendix B o f   t h e  Water E l e c t r o l y s i s  Subsystem Report. 717 
I t  was concluded  that  a s i n g l e   l i q u i d   c o o l i n g   l o o p  common to NAOS Subsystem would 
u l t i m a t e l y  be  employed i n   c o n j u n c t i o n   w i t h   l i q u i d - t o - a i r   h e a t  exchangers  which 
w o u l d   r e j e c t   t h e   h e a t   t o   t h e   a i r c r a f t ' s   c o o l i n g  media. 

Water Feed Qual i t y   T e s t  Program 

An experimental  study was pe r fo rmed   to   exp lo re   t he   poss ib i l i t y   o f   emp loy ing  an 
e x i s t i n g   a i r c r a f t   s e r v i c e   f l u i d  such as a i r c r a f t   c o o l i n g   w a t e r  as a source o f  
w a t e r   f o r   e l e c t r o l y s i s   i n s t e a d   o f   d i s t i l l e d   w a t e r ,   t h u s   d e c r e a s i n g   a i r c r a f t  
maintenance  requirements. The r e s u l t s   o f   t h i s   s t u d y   t o   e s t a b l i s h   t h e  degree 
o f   e f f e c t i v e n e s s   o f  aqueous g l y c o l ,  aqueous methanol  and  tap  water  feed  systems 
i n  a s t a t i c   w a t e r   f e e d   e l e c t r o l y s i s  stem are  descr ibed  in  Appendix A o f   t h e  
Water E l e c t r o l y s i s  Subsystem Report. The r e s u l t s   i n d i c a t e   t h a t  an aqueous 
feed   w i th  an impur i t y   l eve l  up to   approx imate ly  10% o f  the   to ta l   feed can  be 
t o l e r a t e d  and will f u n c t i o n   s a t i s f a c t o r i l y   f o r   l i m i t e d   t i m e   d u r a t i o n s .  Low 
vapor   p ressure   con taminants   reduce  the   poss ib i l i t y   o f   con taminat ing   the   e f f luen t  
oxygen s t  ream. 

Post-Test  Disassembly  Inspection 

The r e s u l t s   o f  a p o s t - t e s t   d i s a s s e m b l y   i n s p e c t i o n   o f   t h e   l i f e  
assembly (WEM # 1 )  a r e  summarized i n  Appendix C o f   t h e  Water E 
Repor t . ( l )  A d e s c r i p t i o n   o f   t h e   c o n d i t i o n   o f  component p a r t s  
and photographs  taken  during  disassembly  of  the  module  are i n  

tes t   wa te r  module 
l e c t r o l y s i s  Subsystem 
o f   t h e  assembly 

c luded   i n   t he   i n -  
spec t ion   repor t .   Except   fo r   ra ther  heavy co r ros ion   o f   me ta l  components i n   t h e  
oxygen c a v i t i e s   o f   t h e   c e l l   c o n s t r u c t i o n  and  permanent d i s t o r t i o n   o f   O - r i n g  
components,  module  components  were i n   e x c e l l e n t   c o n d i t i o n   a f t e r  more than 10,000 
hours o f   l i f e   t e s t   o p e r a t i o n .  

The m a j o r   c o n c l u s i o n s   r e l a t i v e   t o   t h e   w a t e r   e l e c t r o l y s i s  module  development  based 
on in format ion  der ived  f rom  the NAOS development  program  are: 

1. The long - te rm  ope ra t i ona l   capab i l i t y  of the WEM as designed was 
demonstrated i n   t h e   l i f e   t e s t   i n  which WEM # 1  was opera ted   fo r  
10,494 hours. 
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2. The  ability  to  maintain  design  performance  capability  for  extended 
periods of  continuous  operation  was  demonstrated. 

3 .  The  module  proved  capable  of  immediate full operation  after  long 
storage  periods in the  charged  (electrolyte)  condition. 

4. Additional  study is required  to  establish  more  suitable  materials 
for  use in supporting  the  water  feed  matrix. 

Based  on  NAOS  program  experience it is recommended  that a Water  Electrolysis 
Module  Development  Program  should  be  continued,  incorporating  the  following: 

* Provision  of a liquid-gas  separator  for  degassing  the  feed 
water  cavity 

Improved  water  feed  matrix  support 

Decrease  the  number  of  cell  components  and  number  of  seals 
per  cell 

- Provide  more  integral  structure  for  metal  components  to  reduce 
electrical  losses  due  to  formation  of  metal  oxides 

- Improve  seal ing design 

- E l  imination  of  epoxied  access  ports 

More  suitable  selection  of  cell  electrolyte  concentration 

- Selection  of  oxygen  electrode  more  specifically  designed  for 
appl  ication 

- Incorporati,on  of  internal liquid cooling  passages 

- Submodule  construction  to  improve  ease  of  assembly,  check-out 
and repai r 
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CARBON D I ox I DE  CONCENTRATOR SUBSYSTEM' 

Removal o f  carbon  dioxide  is  accompl ished  by a TRW-developed electrochemical  
Carbon  Dioxide  Concentrating  Module (CDCM).  The module cons is t s  of  c e l l s   i n  
which  two  porous  electrodes  are  separated  by an asbestos  capi 1 l a r y   m a t r i x  con- 
t a i n i n g  an aqueous s o l u t i o n  o f  an a lka l i   meta l   carbonate .   Ce l l   p la tes   ad jacent  
t o   t h e   e l e c t r o d e s   p r o v i d e  passageways f o r   d i s t r i b u t i n g   t h e  gaseous reactants  
ove r   t he   su r face   o f   t he   e lec t rodes .  

The s impl i f ied  chemical   and  e lect rochemical   react ions  occurr ing  in  a c e l l   o f  
the  module  are shown i n   F i g u r e  3 .  

The r e a c t i o n   o f  oxygen  and  water  forms  hydroxyl  ions (OH-), a we1 1-known "ge t te r "  
o f  carbon  d iox ide   ( fo r  example,  LiOH). Any carbon  dioxide  which  passes  over 
t h e   e l e c t r o l y t e ,  now r ich   in   hydroxy l   ions ,   reac ts   to   fo rm  carbonate   ions  (CO3=). 
A t  the   oppos i te   e lec t rode (anode)  the  reaction  of  hydrogen and hydroxy l   ions   to  
fo rm  water   causes   the   e lec t ro ly te   to  be d e f i c i e n t   i n   h y d r o x y l   i o n s .  Thus,  car- 
bon d i o x i d e   i s   g i v e n   o f f ,   c o m p l e t i n g   t h e   t r a n s f e r   o f   c a r b o n   d i o x i d e   f r o m   t h e  
oxygen  atmosphere to   the  hydrogen  a tmosphere.   Hydrogen  is   ava i lab le  to   the 
module as a waste  product   f rom  the  water   e lect ro lys is   module,   thereby  permi t t ing 
the   concen t ra to r   t o  be operated  in   the  hydrogen  depolar ized mode. I n   t h i s  mode 
o f   opera t ion ,   the   un i t   genera tes  power much as a f u e l   c e l l  and  has the  capilbi 1 i t y  
o f   s u p p l y i n g   e l e c t r i c a l  power t o   o t h e r   p o r t i o n s   o f   t h e  NAOS system i f  desired. 

This  system i s   c o m p l e t e l y   s t a t i c ,   t h e   o n l y  moving pa r t s   be ing   i n   t he  subsystems 
which  serv ice  the  concentrator   ce l ls .  The sys tem  read i l y   l ends   i t se l f   t o   ze ro  
g r a v i t y   o p e r a t i o n   s i n c e  mass t rans fe r   occu rs   on l y   i n   t he  gaseous state.   There 
a re   no   f ree   l i qu ids   o r  components  dependent upon g r a v i t y   o p e r a t i o n .  

A t  t h e   s t a r t   o f   t h e  program, avai lab le  data  covered  narrow  operat ing  ranges  for  
sma l l   s i ng le   ce l l s .   Thus ,pparamet r i c   t es t i ng   o f   s ing le   ce l l s  was conducted t o  
provide  the  necessary  data  to  design a s p e c i f i c   f u l l - s c a l e   c a r b o n   d i o x i d e  
concen t r a   t o  r . 
F o u r   s m a l l   c e l l s   u t i l i z i n g   d i f f e r i n g   m a t e r i a l s   o f   c o n s t r u c t i o n ,  and i n t e r n a l  
c e l l  geometry  were f a b r i c a t e d .  A p a r a m e t r i c   t e s t   r i g  and a t h r e e - c e l l ,  1 i f e  
t e s t   r i g  were   des igned   and   f ab r i ca ted   f o r   t he   s ing le   ce l l   e f fo r t .  The para- 
m e t r i c   t e s t   r i g  was used to   de termine   the   per fo rmance  o f   the   ce l l s   over  a wide 
range  of   condi t ions.  The i n s t r u m e n t a t i o n   u t i l i z e d   i n   t h e   p a r a m e t r i c   t e s t  
stand was more accurate  and  complete  than  that  used  on  the l i f e  stands i n  
which a l l   t h r e e   c e l l s  were  run a t   t h e  same c o n d i t i o n s   o f  gas f low,  pressure 
and dew point .   Separate  current   loading  systems  were  prov ided  for   the  ce l ls ,  
thus   a l low ing  each u n i t   t o  be r u n   a t  a d i f f e r e n t   c u r r e n t   d e n s i t y .   P a r a m e t r i c  
t e s t s  were  conducted to   cha rac te r i ze   ce l l   pe r fo rmance  as a f u n c t i o n   o f   r e a c t a n t  
pressure,  oxygen,  carbon  dioxide and hydrogen  f low  rate,   cel l   temperature,  and 
cur ren t   dens i ty .  

Two c e l l s   u t i l i z i n g   n i c k e l   e n d p l a t e s  were  run  on l i f e   t e s t .  One o f  these  un i ts  
was r u n   f o r  13,071 hours and t h e   o t h e r   f o r  11,684 hours .   Add i t i ona l   ce l l s  
t es ted  on t h e   l i f e   t e s t   r i g  comprised  two un i t s   w i th   po l ysu l fone   endp la tes ,  
one u n i t   w i t h   t i t a n i u m   e n d p l a t e s  and  two u n i t s   o f  module c o n f i g u r a t i o n .  The 
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purpose o f  these  tests  was t o   o b t a i n   d a t a  o n   t h e   c o m p a t i b i l i t y   o f   c e l l   m a t e r i a l s  
when exposed t o  normal  carbon  dioxide  concentrator  cel l   operat ing  environments.  
A f te r   comp le t i on   o f   t hese   t es ts ,   t he   un i t s   were   t o rn  down and  examined f o r   e v i -  
dence of corrosion.  Very l i t t l e  change i n  appearance o f   c e l l  components p r i o r  
t o  and a f t e r   t h e   t e s t  was noted. 

The Carbon  Dioxide  Concentrator  Module (CDCM) was designed as a l a b o r a t o r y   t e s t  
module u t i l i z i n g   a i r - c o o l e d   f i n s   f o r   h e a t  removal  and t h e   m a t r i x   t y p e   o f  con- 
s t ruc t i on   re fe renced  above t h a t   p e r m i t s   o p e r a t i o n   o f   t h e  module i n  any a t t i t u d e ,  
The p h y s i c a l   c h a r a c t e r i s t i c s   o f   t h e   f i r s t   u n i t ,   r e f e r r e d   t o  as CDCM I ,  are  
summarized as fo l l ows :  

E 1 ect  rode A rea : 

E 1 e c t  rode Type: AB-6 

Elec t ro ly te   Mat r i x :   Asbes tos  

E lec t ro ly te :   Po tass  i um Carbonate 

C e l l   M a t e r i a l :  Mach i ned pol   ysu l   fone 

Gas C a v i   t y  Spacer: Expanded s i 1 ve r  

Heat Removal P la tes   ( cu r ren t  
c o l   l e c t o r s )  : S i l v e r  

Seals:  Ethylene  propylene  O-rings 

C e l l   S i z e   ( o v e r a l l ) :  7.5 x 13.8 x 0.17 

Current  Densi ty (max.) : 40 ASF 

No. o f   C e l l s   p e r  Module: 10 

Module  Size  (overal l )  : 7.5 x 13.8 x 3.2 

C02 Transfer  Rate:  

CO Par t ia l   Pressure :  2 

0.117 l b / h r  

3.8mm Hg 

The i n d i v i d u a l   c e l l ,   s t r u c t u r a l  components  were  machined  from  extruded  poly- 
sulfone  sheet.  Endplates  were  machined  of 5/16" t h i c k   s t a i n l e s s   s t e e l   p l a t e .  
Cur ren t   co l lec to rs   were   fabr ica ted   by   s tack   mi l l ing   s i l ver   sheet   s tock .  Gas 
cav i ty   spacer   mater ia l  was fabr icated  f rom expanded s i l ve r   shee t .   E lec t rodes  
and asbestos  matrices and  frames  were  hand-cut t o   s i z e .  Module  assembly was 
accompl ished  by  s tack ing  the  ind iv idual  components f o r   t e n   c e l l s  on  an  assembly 
f i x tu re .   I nsu la ted   d rawbo l t s ,   t o rqued   i n  a pre-determined  pattern  completed 
the  assembly. 

A t e s t   s t a n d  was designed and assembled t o   p r o v i d e   a l l   t h e   s e r v i c e s ,   c o n t r o l s  
and inst rumentat ion  requi red  for   operat ion  o f   the  carbon  d iox ide  concentrator  
module i n  accordance w i th   t he   t es t   p lan .   Th i s   p lan   i nc luded   pa ramet r i c ,   cyc l i c  
and extended l i f e   t e s t s .  The t e s t  system i s  equipped w i t h  an oxygen  recycle 
and  oxygen/carbon d i o x i d e   f e e d   s y s t e m   t o   t y p i f y   t h e   o p e r a t i o n   o f   t h e  module 
when pa r t   o f   t he   Rebrea the r  System. W i t h   t h i s   t e s t  system,  the  operator has 
the  capabi 1 i t y   o f   c o n t r o l  1 ing and mon i to r i ng   t he  module cur ren t ,   average  ce l l  
temperature, dew po in t   t empera tu re   o f   bo th  oxygen  and  hydrogen en te r ing   t he  
module, carbon  d iox ide   f low  ra te   in to   the   recyc le   loop ,   the  oxygen recyc le  
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ra te   th rough  the   loop ,   the   hydrogen  ra te   in to   the  module,  the t o t a l  gas pressures 
on  the  oxygen and hydrogen  s ides,   and  the  par t ia l   pressure  o f   the  oxygen  on  the 
recyc le  s i de. For  the  various  ranges  of  the above-ment i oned independent  para- 
meters,  the  operator can observe  the  fo l lowing  dependent  parameters:   indiv idual  
c e l l   v o l t a g e s ,  modu le   vo l tage,   carbm  d iox ide   concent ra t ion   in   the   e f f luen t   oxygen 
and  hydrogen  streams,  and  the  oxygen  consumption o f   t h e  module.  Test  points  were 
provided  to  check  the  performance  of   the gas ana lyzers   w i th in   the   tes t   sys tem as 
w e l l  as to  o b t a i n  a more complete  survey  of   the  carbon  dioxide  concentrat ions and 
o t h e r  gas  components w i th  a Beckman GC-2  Gas Chromatograph. I n t e r n a l   c e l l  i R  
drop and c e l l   i R - f r e e   v o l t a g e s  can  be  determined w i t h  the   a id   o f  an i n t e r r u p t e r  
c i r c u i t   b u i l t   i n t o   t h e   t e s t   s t a n d .  

The pa ramet r i c   t es t   se r ies  was designed t o   p r o v i d e   o p e r a t i n g   d a t a   f o r   t h e   c a r b o n  
d iox ide   concent ra to r  module as a func t ion   o f   the   fo l low ing :   ce l l   tempera ture ,  
oxygen c i r c u l a t i o n   r a t e ,  hydrogen  f low  ra te,   current   densi ty ,  and carbon  dioxide 
t r a n s f e r   r a t e .  

Dur ing   the   course   o f   the   paramet r ic   tes t   ser ies  i t  became apparent   that  a un i fo rm 
d i s t r i b u t i o n   o f  hydrogen t o   t h e   t e n   c e l l s  was not  being  achieved.  Consequently, 
the   in te rna l   man i fo ld ing   o f   the   hydrogen  s t ream was changed from a p a r a l l e l   t o  
a ser ies   f low  conf igura t ion .   In   the   mod i f ied   f low system,  the f i r s t   c e l l   i n   t h e  
ser ies   con f igura t ion   rece ives   pure   hydrogen and t h e   l a s t   c e l l   i n   t h e   s t a c k   r e -  
ceives  approximately 70 percent  hydrogen and 30 percent  carbon  dioxide.  Stable 
performance was ob ta ined   us ing   t h i s   f l ow   pa t te rn  w i t h  t h e   t e n - c e l l  module  tested. 
Subsequent   paramet r ic   tes ts   d isc losed  tha t   the   un i t   cou ld   t rans fer   carbon  d iox ide  
a t   t h e   d e s i g n   r a t e   o f  0.45 slpm a t  a c u r r e n t   o f  10 amperes wh i l e   ma in ta in ing   t he  
carbon  d iox ide   leve l   a t   the  oxygen e x i t  end  of  the  stack  below 0.3 percent.  

Th is   determinat ion was  made w i t h  a hydrogen  f low  rate  of 1.7 slpm, an oxygen  re- 
c y c l e   r a t e   o f  2.7 SCFM and a s tack   tempera ture   in   the   range  o f  1 1  7-13OoF. The 
e l e c t r o l y t e   u s e d . i n   t h e s e   t e s t s  was 30 w/w% K CO s o l u t i o n .  

A f t e r   c o m p l e t i o n   o f   t h e   p a r a m e t r i c   t e s t   s e r i e s ,   l i f e   t e s t s  were  conducted w i t h  
the   modu le .   Mo is tu re   ba lance   d i f f i cu l t i es   i n   l ong   t e rm  ope ra t i on   l ed   t o   t he  
design and f a b r i c a t i o n   o f  CDCM I I .  P r i o r   t o   i n i t i a t i o n   o f   t h e   r e d e s i g n ,  an 
ana lys i s  was  made o f   a l t e r n a t e  means o f  removing  heat  and  moisture  from  the  unit .  
The a n a l y s i s   i n c l u d e d   t h e   o r i g i n a l   f i n - c o o l e d   u n i t  as w e l l  as a un i t   employ ing 
s ta t i c   water   feed  to   p rov ide   bo th   inc reased  water   to le rance,  gas humidity  con- 
d i t i o n i n g  and  evaporat ive  cool ing,  and a u n i t   u t i l i z i n g  a c i r c u l a t i n g   e l e c t r o l y t e .  
Consideration  of  the  advantages,  disadvantages and requ i rements   o f   the  above 
concepts f o r  CDCM I I  l ed   t o   t he   conc lus ion   t ha t  a redesigned,  f in-cooled  concen- 
t r a t o r  module  using an a l t e r n a t e   e l e c t r o l y t e   w o u l d   b e s t  meet a l l   t h e   o b j e c t i v e s .  

2 3  

The des ign   ob jec t i ves   f o r   t he  second u n i t  were:   increased  carbon  dioxide  t ransfer 
c a p a b i l i t y  (100% o v e r c a p a c i t y ) ;   e l i m i n a t i o n   o f  any p o s s i b i l i t y  of  corros ion;  
e l i m i n a t i o n   o f   e x c e s s i v e   i n t e r n a l   t e m p e r a t u r e   g r a d i e n t s ;   u t i l i z a t i o n  of  a super io r  
e lec t ro ly te   to   p rov ide   inc reased  per fo rmance and  water  tolerance;  improved  seal- 
ing;  decreased  pressure  drops; u t i l i z a t i o n   o f  methods o f   c o n s t r u c t i o n  amenable 
t o  mass product ion;  and u t i l i z a t i o n   o f   m a t e r i a l s   t h a t   w o u l d   p e r m i t   o p e r a t i o n   i n  
the  carbonation  (non-depolarized) mode. 

10 



D u r i n g   t h e   c a r e f u l l y   c o n t r o l l e d   t e s t s ,   p o s s i b l e   w i t h   t h e  NAOS-developed equipment, 
it was d isc losed  tha t   b icarbonate   fo rmat ion  and p r e c i p i t a t i o n  was occurr ing.  
The p r e c i p i t a t e  accumulated w i t h i n   t h e  anode and masked t h i s   e l e c t r o d e   f r o m   t h e  
gas phase, ser ious ly   reducing  per formance.   In   addi t ion,  gas p o r t s  on the  hydrogen 
s i d e   o f   t h e   c e l l  were  blocked. 

A s u r v e y   o f   a l l  of the  a lka l i   meta l   carbonates and bicarbonates w i th  respec t   t o  
s o l u b i l i t y   l i m i t s  and vapor  pressure  depression was i n i t i a t e d .  A study was  made 
t o   d e t e r m i n e   t h e   c r i t e r i a   f o r   e l e c t r o l y t e   s e l e c t i o n   f r o m   w h i c h   c a n d i d a t e   a l k a l i  
metal  carbonates  could  be  selected. Some o f   t h e   r e q u i r e d   p r o p e r t y   d a t a   f o r   t h i s  
s e l e c t i o n  was a v a i l a b l e   i n   t h e   l i t e r a t u r e  and some  was determined  by  test   dur ing 
the  program. From this  analysis  cesium  carbonate emerged as the   p re fe r red   e lec -  
t ro l y te   a l t hough   rub id ium  ca rbona te   ve ry   l i ke l y   cou ld   a l so  be u t i l i z e d .   V i r t u a l l y  
no  proper ty   data was a v a i l a b l e  on t h e   l a t t e r .  

From a rev iew  o f   the   mater ia ls  examined i n  the   Carbonat ion   Ce l l   Mater ia ls  Compati- 
b i l i t y  study, NASA CR-1481 ,  t i t a n i u m  was se lected as the most des i rab le   me ta l1   i c  
ma te r ia l  and ethylene  propylene  rubber was se lec ted   f o r   t he   sea l i ng   ma te r ia l .  
Knowing the  thermal  conductance  of a l l   c e l l  components as w e l l  as p roper ty   da ta  
f o r  aqueous solut ions  of   cesium  carbonate  (such as s o l u t i o n  volume and vapor 
p ressure   da ta)   the   water   to le rnace  o f   the   un i t  was maximized. The phys ica l  
charac ter is t i cs   o f   the   redes igned  concent ra to r ,  CDCM I I ,  are  summarized i n   t h e  
fo l l ow ing :  

E 1 ect  rode  Area: 

E 1 ect   rode Type : 

E lec t ro ly te   Mat r i x :   Asbes tos  

E lec t ro l y te :   cs  co  
C e l l   M a t e r i a l :   I n j e c t i o n  molded  polysulfone 

Gas Cavity  Spacer: Expanded t i t a n i u m  

Heat Removal P la tes   (cur ren t  
c o l   l e c t o r s )  : Ti tanium  c lad  copper 

2 3  

Seals: 

Ce l l   S i ze   (ove ra l l ) :  

Current  Densi ty (max.) : 

Flat ,   e thy lene-propy lene 
gaskets 

7.7 x 13.7 x 0.15 

40 ASF 

No. of Ce l l s   pe r  Module: 15 
Module  S ize  (overa l l ) :  7.7 x 13.7 x 4.5 
C02 Transfer  Rate:  0.234 l b / h r  

C02 Par t ia l   Pressure :  3.8mrn  Hg 

P o l y s u l f o n e   p l a s t i c  was u t i l i z e d   f o r   t h e   c e l l   h o u s i n g   p a r t s .  These  were i n -  
j e c t i o n  molded i n  an  aluminum  mold  using an e i g h t  ounce  molding  machine. End- 
plates  were  machined  from 5/16" t h i c k   s t a i n l e s s   s t e e l   p l a t e .   C u r r e n t   c o l l e c t o r s  
were  fabr icated  by  d ie   cut t ing  copper   sheet   s tock.   T i tan ium  c lads  were  d ie   cut  

I 
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and adhesively bonded t o   b o t h   s i d e s  of the  copper  sheet. The t i tan ium  sheets  
were  welded t o  each  other I n  the  reg ion  o f   through  mani fo ld   ho les.  Gas c a v i t y  
spacer   mater ia l  was fabr ica ted   f rom expanded t i tan ium  sheet .  The f l a t  gaskets 
were d ie   cu t   f rom EPR. Electrodes  and  asbestos  matrices  were  hand-cut  to  size. 
Module  assembly was accompl ished  by  s tack ing  the  ind iv idual  components f o r  
f i f t e e n   c e l l s  on an  assembly f ix ture.   Insu lated  drawbol ts ,   equipped w i t h  s p r i n g  
washers,  were  torqued i n  a pre-determined  pattern  to  complete  the  assembly.  A 
comparison o f   t h e  components o f   t h e   o r i g i n a l  and  the  re-designed  modules  are 
shown i n   F i g u r e  4. 

The t e s t   s t a n d  was m o d i f i e d   t o   p r o v i d e  a f i f t e e n - c e l l   c a p a b i l i t y .   I n   a d d i t i o n ,  
the  oxygen  dehumidi f ier  was replaced  by a device  that   would  permit   both  humidi-  
f i c a t i o n  and dehumid i f i ca t i on .  The oxygen recyc le  loop was equipped w i t h  a 
flowmeter  and was trace-heated. The flow  capabi 1 i t y   o f   t h e   s t a n d  was increased 
i n  accordance  with  the 100% overcapaci ty  requirement  for  CDCM I I .  

A f o u r - c e l l  module was assembled t o  conduct a d e s i g n   v e r i f i c a t i o n   t e s t .   T h i s  
u n i t  was r u n   f o r  76 hours in   the  hydrogen  depolar ized mode a t  which  t ime  the 
hydrogen  source was v a l v e d   o f f .  The u n i t  was then  run   in   the  powered mode f o r  
62 hours. The  module was then  disassembled  and  tear-down  observations made. 
The f i f t e e n - c e l l  module shown i n   F i g u r e  5 was assembled fo r   t he   pa ramet r i c   t es t  
series.  Performance was obtained as a f u n c t i o n   o f   t h e   r a t i o   o f   c a r b o n   d i o x i d e  
t rans fe r   ra te   t o   cu r ren t ,   s tack   t empera tu re ,  pC02 a t   the   ca thode  (w i th  N2 as 
d i   luent ) ,   hydrogen  feed  ra te,  and  oxygen recyc le   ra te .  The paramet r ic   tes ts  
d isc losed  tha t   the   un i t   cou ld   t rans fer   carbon  d iox ide   a t   the   des ign   ra te   o f  
0.45 s lpm  at  a c u r r e n t   o f  5 amperes whi le   mainta in ing  the  carbon  d iox ide  leve l  
a t   t h e  oxygen e x i t  end o f   t he   s tack   be low 0.3%. A t  the 100% over load  cond i t ion  
( a t  a s t a c k   c u r r e n t   o f  10 amperes) the   ca rbon   d iox ide   l eve l   a t   t he   oxygen   ex i t  
o f   t h e   s t a c k  was approximately 0.2%. These data  were  taken w i t h  a hydrogen  f low 
r a t e   o f  1.7 slpm, an oxygen  recyc le  ra te  o f   approx imate ly  3.6 SCFM and a s tack  
temperature o f  llO°F. The e l e c t r o l y t e  used i n  these  tests  was 55 w/w% Cs CO 
s o l u t i o n .  2 3  

An increase  in  stack  temperature  markedly  increased  stack  voltage,  however,  the 
carbon  d iox ide   leve l   in   the   rebrea ther  loop increased  s l igh t ly .   S tack   vo l tage 
decreased s l i g h t l y   a t  a p02 o f  3 p s i a  and t h e   u n i t   f u n c t i o n e d   s t a b l y   a t  a PO 
o f  1 . 1  ps ia .  When hydrogen  feed  rate was reduced t o  a va lue  near   s to ich iome$r ic ,  
the   carbon  d iox ide   leve l   in   the   hydrogen  leav ing   the   un i t  was i n   t h e   o r d e r   o f  
90  percent. The v o l t a g e   o f   t h e   l a s t   c e l l   i n   t h e   s t a c k  was s t i l l  acceptable.  
The t e s t   d a t a  showed that  increased  oxygen  recycle  rate  decreased  the  carbon 
d i o x i d e   l e v e l   i n   t h e   r e b r e a t h e r   l o o p   w i t h   a l l   o t h e r   c o n d i t i o n s   c o n s t a n t .   A f t e r  
comp le t i on   o f   t he   pa ramet r i c   t es t   se r ies ,  a l i f e   t e s t  was conducted upon the 
15-cell  module. A t o t a l   o f  1,845 continuous  load  hours  were  logged on the 
second  module w i t h  509 hours o f   t h i s  as paramet r ic   tes t   t ime.  A t o t a l   o f  169 
hours  were  logged on the  predecessor  module  that was  damaged du r ing  a t e s t  
r i g   m a l f u n c t i o n .  No e lec t ro l y te   recharges  were  necessary to   sus ta in   the   oper -  
a t i o n   o f   e i t h e r   u n i t   d u r i n g   t h e   t e s t   e f f o r t .  The l i f e   t e s t  on the  second u n i t  
was terminated by complet ion  of   contract   requirement.  

The ma jo r   conc lus ions   re la t i ve   t o   t he   ca rbon   d iox ide   concen t ra to r  module  assembly 
based  on in format ion  der ived  f rom  the NAOS development  program  are: 
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NEW DESIGN 

COMPRE 

GAS 

SILVER  F IN  PLATE'  / FIN PLATE'WITH CLAD 

O2 SIDE GASKET 

F I G U R E  4 CARBON D I O X I D E  CONCENTRATOR  MODULE  COMPONENTS 



F I G U R E  5 15-CELL  MODULE  WITH  SHROUD AND BLOWERS 
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I- 

1. S i l v e r  i s  n o t  a su i tab le   ma te r ia l   f o r   l ong - te rm module ope ra t i on  
over  the  complete  range  of  operation  from f u l l   l o a d   t o  open c i r c u i t  
cond i t i ons .  

2. Potassium  carbonate  solut ion  is   not  a s u i t a b l e   e l e c t r o l y t e   f o r  
s tab le   ope ra t i on .  

3 .  Long- te rm  ope ra t l on   o f   ca rbon   d iox ide   concen t ra to r   ce l l s  and  modules 
i s   f eas ib le   us ing   ces ium  ca rbona te   e lec t ro l y te .  

4. The t i tan ium  c lad   copper   assembly   i s   su i tab le   fo r   use  as a b i p o l e r  
p la te   i n   t he   ca rbon   d iox ide   concen t ra to r .  

5. The carbon  dioxide  concentrator  module meets the  system  design  require- 
ments f o r  carbon  dioxide  removal,  using  the  series  hydrogen  f low 
pa t te rn .  

6. The carbon  d iox ide  concentrator   module  is   capable  o f   mainta in ing 
carbon  d iox ide  par t ia l   pressures  be low lmm Hg in   the   c losed  loop  
sys tem. 

7. The a b i l i t y   o f   t h e   c o n c e n t r a t o r  module to  maintain  design  performance 
capab i l i t y   f o r   ex tended   pe r iods   o f   con t i nuous   ope ra t i on  was success- 
f u l l y  demonstrated. 

8. Opera t ion   o f   the  module i n  an ON-OFF c y c l e   c h a r a c t e r i s t i c   o f   s h o r t -  
term a i r c r a f t   o p e r a t i o n   i s   e n t i r e l y   s a t i s f a c t o r y .  

9. F u l l   o p e r a t i o n   a f t e r   l o n g   s t o r a g e   p e r i o d s   i s   p o s s i b l e .  

Based on NAOS program  experience, i t  i s  recommended t h a t  a carbon  dioxide  module 
development  program  should be cont inued,   incorpora t ing   the   fo l low ing :  

1 .  Per fo rm  inves t iga t ion   necessary   to   p rov ide   add i t iona l   da ta  on  methods 
which can  be used t o   i n c r e a s e   t h e   s p e c i f i c   t r a n s f e r   r a t e   o f   c a r b o n  
d i o x i d e   a t  low  carbon  d iox ide  par t ia l   pressures.  

2. Module  development  should be c o n t i n u e d   w i t h   t h e   o b j e c t i v e  o f  developing 
an e f f i c i e n t  ca rbon   d iox ide   concen t ra to r   f o r   use   i n   e i t he r   a i r c ra f t   o r  
spacecra f t   l i fe   suppor t   sys tems.  



LABORATORY BREADBOARD  SYSTEM^ 

The system  design i n   t h i s  phase  consisted of two  separate  designs: 1 )  t he  
laboratory  breadboard  system and 2) a p r e l i m i n a r y   d e s i g n   o f  a fu l l y -deve loped  
p ro to type  . 
The d e s i g n   o b j e c t i v e s   f o r  NAOS (NASA A i  rcrew Oxygen System)  were t o   o b t a i n  a 
s a f e ,   r e l i a b l e  system o f  low  weight and s ize  which  would  e l   iminate  the need f o r  
g r o u n d   s u p p o r t   f a c i l i t i e s  and minimize  the  t ime and e f f o r t   f o r  maintenance. 
The Laboratory  Breadboard System (LBS) was t h e   f e a s   i b i  1 i t y  model o f   t h i s  system 
composed o f   l a b o r a t o r y   t y p e  components.  The system  design  speci f icat ions  were 
based  on the  phys io log ica l   requi rements o f  a p i l o t .  The brea th ing   loop   p re-  
l im inary   des ign   requ i rements   a re   ou t l ined   in   Tab le  I which   a lso  shows the  bas is  
fo r   the   requ i rements .  These requirements  were  revised and  expanded i n   l a t e r  
phases o f   t h e  NAOS development. The bas ic   system  concept   descr ip t ion  is   deferred 
t o   t h e   F l i g h t  Breadboard  System sec t i on   f o r   pu rposes   o f   t h i s   repo r t .  

Design of   the  fu l ly -developed  system was completed  using  the F-111 a i r c r a f t  
s p e c i f i c a t i o n s   f o r   f l i g h t   p r o f i l e  and on-board  services as a design  guide. 
Completion o f   t h i s   d e s i g n   i n d i c a t e d   t h e   i m p o r t a n c e   o f   w o r k i n g   d i r e c t l y   w i t h  
t h e   a i r c r a f t   d e s i g n e r   t o   a c h i e v e  a p r o p e r   i n t e g r a t i o n   o f   t h e  oxygen  system w i t h  
t h e   a i r c r a f t  system. A mock-up o f   t h e   p r o t o t y p e   i s  shown i n   F i g u r e  6. The 
system  would  have an oxygen  generat ing  capaci ty   o f   0 .20  lb /hr ,   weight   o f   less 
than 50 pounds,  volume o f   l ess   t han  one cub ic   f oo t  and consume less  than 700 
watts  power. 

A comparison o f  t h e   s i z e  and w e i g h t   o f  some of  the  major  system components f o r  
the LBS hardware and the  pro jected  prototype  are  g iven  be low.  

Size,  inches  Weight, pounds 

Component P resent   Prototype P resent   Prototype 

E l e c t r o l y s i s  Module 4 . 4 ~ 8 ~ 1 1  3 x 6 ~ 8  51 16 

C02 Concen t r a   t o  r 5 x 7 ~  1 3 8 x 7 ~ 2  36 10 

Water Rese rvo i r 6 d i a .  x 5.4 4.1 d ia .  x 5 5 ( f i l l e d )  3.5 ( f i l l e d )  

E l e c t r o l y s i s  Module 
Power Con t r o  1 7X5X9X 10 5x6x4.5 6.1 2.5 

C O  Concentrator 
6oad Con t r o  1 5 ~ 6 . 3 ~ 8 . 5  4 ~ 2 . 5 ~ 2  3 1.5 

Development o f  t he   wa te r   e lec t ro l ys i s  and carbon  dioxide  concentrator  subsystems 
were  accomplished  under  separate  tasks. The e l e c t r i c a l   c o n t r o l  subsystem,  the 
rebreather  subsystem  and  related components  were  developed  under  the  laboratory 
breadboard sys tem task.  

Power c o n d i t i o n i n g  and contro ls   development   inc luded  the  water   e lect ro lys is  and 
ca rbon   d iox ide   concen t ra to r   ra te   con t ro l s ,   rec i r cu la t i on   l oop   b lower  speed 
c o n t r o l  and the  module  temperature  controls. 
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TABLE I 

BREATHING LOOP DESIGN REQUIREMENTS 

Req  u i remen t 

1 .  P i l o t ' s  oxygen  consumption - 
0.10 l b / h r  

2. E l e c t r o l y s i s   c e l l  oxygen  flow  rate - 
0.15 l b / h r  

3 .  P i l o t ' s   r e s p i r a t o r y   m i n u t e  volume - 
0.5 CFM (14 l i t e r s / m i n )  

4. Peak instantaneous  respi ra tory   f low 
r a t e  - 1.6 CFM 

5. P i l o t ' s   t i d a l  volume - 0.78 l i t e r s  

6. Temperature o f   b r e a t s i  ng  oxygen t o  
p i   l o t  - 6OoF t o  90 F  (7OoF - 80°F 
p re fe rab le )  

7. Re la t i ve   humid i t y   o f   b rea th ing  oxygen 
t o   p i l o t  - 50% maximum 

8. Breathing  loop  absolute  pressure 
l e v e l s  3 p s i a   t o  15 p s i a  

9. CO concen t ra t i on   i n   b rea th ing  oxygen 
$0 p i l o t  - 1 %  by  volume maximum a t  
one  atmosphere (7.6mm Hg vapor 
pressure maximum) 

10. C02 p r o d u c t i o n   b y   p i l o t  - 0.12 l b / h r  
nominal 

1 1 .  Operat ing  durat ion - 10 hours 

Bas i s   f o r  Reau i rement 

Based on   da ta   fo r  1 ight   work 
t y p i c a l   o f   p i l o t i n g   a i r c r a f t  

P i l o t ' s  consumption  plus 0.05 
l b / h r   f o r  C02 concentrator  
consumption 

T y p i c a l   f o r   l i g h t  work, a l s o  
ac tua l  measurements  on p i   l o t s  

Assumes s inuso ida l   resp i ra to ry  
f l o w  

Based on tes ts ,   va r ies  wi th  
i n d i v i d u a l s  

Comfort 

Comfort 

Sea 
m i  n 

We 1 

1 eve 1 t o   p h y s i o l o g i c a l  
imum safe  pressure 

1 under  safe maximum 

Metabo l ica l  Iy cons is ten t   w i th  
oxygen  consumption 

Typ ica l  oxygen  capac i t y   o f  
e x i s t i n g  systems 
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F I G U R E  6 NAOS  PROTOTYPE  MOCK-UP  WITH  BREATHING  MASK 
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The w a t e r   e l e c t r o l y s i s   r a t e   c o n t r o l   c o n s i s t e d   o f  a cu r ren t   regu la to r   ope ra t i ng  
i n  a pu lse  width  modulat ion.sw1tchIng mode a t  a frequency  of 5K Hz. Contro l  
o f   s w i t c h i n g   r a t e   v a r i e s   t h e   c u r r e n t  to  the module. I npu t   t o   t he   sw i t ch   con t ro l  
i s   e i t h e r   b y  manual s e t t i n g   o f  a potent tometer   or   the  automat ic  mode w i t h   i n p u t  
from a pressure   t ransducer .   E f f i c iency   o f   the   cur ren t   con t ro l   dev ice   in   th is  
con f igu ra t i on  was 86 percent.  

Cont ro l   o f   the   carbon  d iox ide  module  carbon  d iox ide  t ransfer   ra te  is   accompl ished 
by  cont ro l   o f   the  load  current   through  the module  and  a l o a d   t r a n s i s t o r .  A 
c o n t r o l   c i r c u i t  w i th  a  manual s e t t i n g  of a po ten t i omete r   i s  used t o   s e t   t h e   c u r -  
ren t   f low  th rough  the   load   t rans ls to r .  

System accessor ies  are  def ined as t hose   I t ems   no t   spec i f i ca l l y   i n   t he   e lec t ro -  
chemical  component  subsystems o r   t h e  power cond i t i on ing  and con t ro l s .  The 
accessory  components  are  the  remaining  components in   the   rebrea ther   loop  such 
as the  counter- lung and pressure   con t ro l ,   the   rec i rcu la t ing   loop   b lower ,   heat  
exchangers, and the  hydrogen  e l iminat ion  dev ice.  The accessor ies  are  required 
t o  meet per formance  but   are  not   necessar i ly   f l ight   s ize  or   weight .   Standard 
o f f - the-she l f  components  were  employed  wherever p o s s i b l e   f o r  use i n   t he   l abo ra to ry  
breadboard  system. 

The counter- lung/pressure  control   is   the  major  accessory component. The counter-  
lung, a f l e x i b l e  bag w i t h i n  a r i g i d   c o n t a i n e r ,   f u n c t i o n s  as a vo lumet r ic  gas 
r e s e r v o i r   t o  accommodate the   va r ia t i on   i n   t he   b rea th ing   l oop  gas volume as the 
av ia to r   i nha les  and exhales.   Pressure  control  components mainta in   the  pressure 
i n   t he   con ta ine r   equa l   t o   t he   reb rea the r   l oop   p ressu re ,   i nc lud ing   sa fe ty   p ressu re  
and  a h igh   a l t i tude   p ressure   b rea th ing   schedu le .   Th is  assembly i s  shown under 
t e s t   i n   F i g u r e  7. 

Pr io r   t o   comp le t i ng   t he   en t i re   i n teg ra ted   l abo ra to ry   b readboard  system,  the  water 
e l e c t r o l y s i s  and carbon  dioxide  concentrator  subsystems  were  avai lable. To pro- 
v ide   add i t iona l   opera t ing   da ta  on these two  subsystems,  endurance t e s t s  were 
conducted.  Operating  t ime on the   wa te r   e lec t ro l ys i s  module was 1,562 hours  whi le 
528 hours on load  were  accumulated on the  carbon  dioxide  concentrator module 
whi le   operat ing  a t   normal   des ign  condi t ions.  

Fol lowing  the  endurance  tests  the  accessory components  were i n t e g r a t e d   w i t h  
t h e   w a t e r   e l e c t r o l y s i s  and  carbon  dioxide  concentrator  subsystems  into  the  con- 
f i g u r a t i o n  shown in  the  system  schematic,  Figure 8. The Laboratory  Breadboard 
System i s  shown i n   F i g u r e  9 w i t h  the  Design I1  carbon  dioxide  concentrator 
i n s t a l l e d .  The LBS t e s t  program was conducted  with  the  Design I carbon  dioxide 
concentrator .  

Operat ion  of   the  complete LBS was the f i r s t  o p e r a t i o n   o f  an a i rc rew oxygen 
system  using  electrochemical  oxygen  generation and carbon  dioxide  removal. 
F e a s i b i l i t y  was de f i n i t e l y   es tab l i shed   demons t ra t i ng   t ha t  a prototype  system 
could be  developed. 

Test   operat ions  conducted  inc luded  s tar t -up  tests ,   s teady  s ta te  operat ion  under  
vary ing   b rea th ing   ra tes  and  volumes, and of f -des ign  operat ion.   Of f -des ign 
operat ion  inc luded  operat ion  wt thout   the  rec i rcu lat ion  b lower .   Per formance  in  
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this  mode  indicated  system  performance can be maintained with only  pilot 
breathing used  to provide  gas  flow  through  the  carbon  dioxide  concentrator. 
Table I I  presents  normal LBS operating  conditions. 

Following  the  normal  test series, the water electrolysis  module and the  power 
conditioner were modified  to  provide a 50 ampere capacity to increase  the oxy- 
gen generation rate capacity up to 0.33 pounds  per  hour.  Following  the modi- 
fication,  the system was  operated in the  "open  loop" mode by feeding  the  oxygen 
supply into a diluter  demand  regulator  as a feed to the  pilot's  mask.  Feasibility 
and versatility  of  the system was  further  demonstrated by this  test. 



TABLE I I 

NAOS LABORATORY BREADBOARD 
OPERATING  CONDITIONS 

O2 Generat  ion  Rate 

O2 Generat  ion  Pressure 

C02 Concentrator  Current 

Breath ing  S imulat ion:  

Respi rat lon  Rate 

T i d a l  Volume 

O2 Bleed 

C02 I n f l o w  

Breathing Gas D e l i v e r e d   a t :  

Tempera t u r e  

Re la t i ve   Humid i t y  

Total   Pressure 

C02 Par t i a l   P ressu re  

Operat ing Time 

Number o f   S t a r t - u p s  

Longest  Continuous Run 

0.15 l b / h r  

73 p s i a  

7.6 amps 

10-30 cycles/min 

0.5-1 .O 1 i t e r  

0.10 l b / h r  

0.117 l b / h r  

70°F-800F 

40%-60% 

1 atm. 

2.0-7.6171171  Hg 

105.4 h r s  

29 

8.2 h r s  
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FL I GHT BREADBOARD SYSTEM5 

System D e s c r i p t i o n  

The F1 i g h t  Breadboard  system (FBS) i s  t h e   f i r s t  packaging  of   the  laboratory 
type components i n t o  a complete  oxygen  system  a l lowing  operat ion  outs ide  o f  
the   labora tory .   F igure  10 i s  a photograph  of  the FBS. The pr ime  cons idera t ion  
used i n  packaging  the  system i s  maximum component a c c e s s i b i l i t y  w i t h  secondary 
emphasis  on  minimizing  package volume. No a u x i l i a r y  equipment was located 
w i t h i n   t h e  system  package.  The FBS i s  mounted i n  a tubu la r ,  aluminum  frame, 
26" wide, 25" deep and 25" h igh.  The Ai rcrew Oxygen  System as shown i n   F i g u r e  
11 ( F l i g h t  Breadboard  System  Schenlatic) c o n s i s t s   o f   f o u r   p r i m a r y  subsystems: 
1 )  Water E l e c t r o l y s i s ,  2)  Carbon Dioxide  Concentrator,  3) Rebreather  and 4) 
E l e c t r i c a l   C o n t r o l .  

Hydrogen and oxygen  gases are  generated i n  the   Water   E lec t ro lys is  Subsystem a t  
75 ps ia .  Oxygen gas is   fed   to   the   rebrea ther   loop   th rough  the   oxygen demand 
regu la to r .  A b lower   i n   t he   reb rea the r   l oop   c i r cu la tes   t he  oxygen gas through 
the  carbon  dioxide  concentrator.  The hydrogen gas f r o m   t h e   e l e c t r o l y s i s  module 
i s  fed to   the   carbon  d iox ide   concent ra to r  where it reac ts   e lec t rochemica l l y  
w i t h  oxygen t o  remove carbon  dioxide  f rom  the  rebreather  loop. The carbon 
d iox ide  is   vented  wi th   excess  hydrogen.  

The p i l o t l s   exha la t i on   en te rs   t he   coun te r - l ung   wh ich  accommodates t h e   p i l o t ' s  
t i d a l  volume du r ing   b rea th ing   t o   ma in ta in   t he   l oop   a t   cons tan t   p ressu re   du r ing  
the   b rea th ing   cyc le .   I nha la t i on  oxygen i s  drawn f rom  the   c i r cu la t i ng   l oop  
through a heat  exchanger  used as a dehumid i f i e r .  

The E l e c t r i c a l   C o n t r o l  Subsystem (ECS) prov ides power cond i t i on ing ,  oxygen  gen- 
e ra t i on   ra te   con t ro l ,   ca rbon   d iox ide  removal r a t e   c o n t r o l ,  component temperature 
c o n t r o l ,   s a f e t y   i n d i c a t o r s  and  shutdown c i r c u i t r y ,  system  status  readouts and 
f a u l t   i s o l a t i o n   c i r c u i t r y .  A m a j o r   p o r t i o n   o f   t h e  ECS c i r c u i t r y  was developed 
s p e c i f i c a l l y   f o r   t h e  FBS. The ECS i s  shown i n   F i g u r e  12. 

System pe r fo rmance   cha rac te r i s t i cs   a re   g i ven   by   re fe rence   t o   t he   de ta i l ed  com- 
ponent   spec i f i ca t ions   p resented   in   Tab le  I l l .  

I n   a d d i t i o n   t o   t h e  FBS, f o u r   o t h e r  packages  were  used i n   t h e   t e s t i n g .  These 
were: 1 )  a b rea th ing   s imu la to r   t o   p roduce   resp i ra t i on   f l ow   ra tes  and oxygen 
consumption and carbon  d iox ide   add i t ion   a t   metabo l ic   ra tes ;  2) a resources 
adapter   to   p rov ide   coo lan t  and  compressed a i r   s e r v i c e s   t o   t h e  system  which  were 
unava i l ab le  on the C-131F a i r c r a f t ;  3) an instrumentat ion  package  providing 
v isual   readouts  o f   the  system and  component operating  parameters; and 4) a tape 
recorder   to   record  the  impor tant   data.  

4 F l i g h t   T e s t  Program 

The purpose o f   t h e   F l i g h t   T e s t  Program was t o  demonstrate  operat ion  o f  an i n -  
tegrated  system away from a labora tory   env i ronment ;   p rov ide   f i r s t   packag ing  
exper ience;   p rov ide   exper ience  in   work ing  w i t h  p o t e n t i a l   u s e r  agency; i d e n t i f y  
a i r c r a f t  sys tem  i n te r face   p rob lems ;   i den t i f y   e f fec ts   o f   f l i gh t   env i ronmen t  upon 
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F I G U R E  10 F L I G H T   B R E A D B O A R D  SYSTEM 
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F I G U R E  12 ELECTRICAL  CONTROL  SUBSYSTEM  PACKAGE 



TABLE 1 I I 

COMPONENT  PERFORMANCE SPECIFICATIONS 

E l e c t r o l y s i s  Module  Assembly 

Oxygen Genera t i on  Rate : 

Oxygen Supply  Pressure: 
Hydrogen  Pressure: 
Water  Supply  Pressure: 
Operat ing  Durat ion:  
Power I nput : 
Coolant: 
Cool ing Load: 
Operating  Temperature Range: 

E l e c t r o l y s i s  Module  Water  Reservoir 

Useful   Capaci ty:  
Gas (02) Side  Pressure: 
Gas (02)   to  Water  Side  Pressure  Difference: 

Carbon Dioxide  Concentrator  Module Assembly 

C02 Removal Rate: 
Operating  Temperature Range ( a f t e r  

O2 Side  Total   Pressure:  
H2 Side  Total   Pressure:  
O2 Consumption: 
O2 Side  Ci rcu lat ing  F low:  
O2 Side  Pressure  Drop: 
H S ide  In le t   F low:  
C 6 2  P a r t i a l   P r e s s u r e   a t  O2 E x i t :  
Operat ing  Durat ion:  
Coolant: 
Coo 1 i ng  Load : 

s t a r t - u p )  : 

Counter-Lung  Assembly 

Useful  Volume: 
D i f f e ren t i a l   P ressu re ,   con ta ine r  

Vent  Valve  Cracking  Pressure: 
above Amb i en t : 

Blower 

Pressure  Flow: 
E l e c t r i c a l  Power: 

0.15 lb/hr,   nominal  
0.20 l b /h r ,  maximum 
77 *3 p s i a  
0 t o  5 p s i  below 0 pressure 
0 t o  5 psi   below H2 pressure 
10 hrs,   cont inuous 
0 t o  30 amps, 20 v o l t s  maximum 
Air 
400 BTU/hr, maximum 
140- 1 6O0F 

2 

1.9 l b   wa te r ,  minimum 
72 +8 p s i a  
k 0 . 5  p s i  

0.12  lb/hr,  minimum 

100 t o  14OoF 
3 t o  15 p s i a  
3 t o  15 p s i a  
0.05  lb/hr,  maximum 
2.0 CFM, minimum 
4 inches H20 a t  3.5 CFM, 1 atm. 
0.018 l b / h r  
7.6mm Hg,  maximum 
10 hrs,   cont inuous 
A i  r 
300 BTU/hr, maximum 

1 l i t e r  

1 .O p s i  , maximum 
0.5 inches H20 

6 inches H 0 a t  3.5 CFM 
115 v 0 l t s , ~ 4 0 0  Hz, 250 mi l l iamps 

continued- 



Table i l l  - cont inued 

Dehumid i f ier  Assemblv 

Coo l i ng   F lu id :  
Oxygen Flow  Rate: 

Oxygen I n l e t  Temperature: 
Oxygen Out l e t  Temperature: 
Coolant  in let   Temperature:  
Oxygen In le t   Humid i t y :  
Coolant  Flow  Rate: 

E l e c t r o l y s i s  Module Power Con t ro l   Un i t  

Vol tage  Input:  

Voltage  Output  to  Module: 
Current  Output  to  Module: 
Current  Regulat ion:  
Pressure  Control   Shut-of f :  
Pressure  Contro l   Propor t ional  Band: 

-2 CO Concentrator  Module  Load 

Load Current:  
Current  Regulat ion:  
Load  Vol  tage : 
Contro l  Power Input :  

Counter-Lung Air Pressure  Control   Regulator ~ 

Air Flow  Rate: 

Safety  Pressure: 
Pressure  Breathing: 
Re1 ie f   P ressu re :  
A i r  In le t   Pressure:  

Oxygen Demand Regulator 

Oxygen In le t   Pressure :  
Oxygen Out let   Pressure:  
Cracking  Pressure: 

Oxygen Flow  Rate: 

Oxygen D i f f e ren t i a l   P ressu re   Regu la to r  

Operating  Pressure: 
D i f f e ren t i a l   P ressu re :  
Oxygen Flow  Rate: 

Water o r   wa te r -an t  i f reeze sol u t   i o n  
0.5 CFM average, 2.0 CFM peak, 

f low  vs  t ime  is  a s i n e  wave, 
p o s i t i v e  fbow o n l y  

1 Og°F t o  120 F 
400F t o  6OOF 
40 F t o  50 F 
Saturated 
50 l b / h r ,  minimum 

28 k4 v o l t s  DC,  750 wat ts ,  maximum 
115 v o l t s ,  400 Hz, 5 wa t t s  
10 t o  20 v o l t s  DC 
0 t o  30 amps 
k0.5  amps 
80 p s i a  
6 p s i  

Manual s e t   p o i n t  0 t o  10 amps 
fO. 12 amps 
2 t o  12 v o l t s  DC 
115 v o l t s ,  400 Hz, 5 wat ts  

0.5 CFM, average 
2.0 CFM, peak 
1 t o  2 inches H20 above  ambient 
MIL-R-19121D 
18 inches H20 
50 psig,  nominal 

50 t o  100 p s i a  
3 to  15 p s i a  
0.5 inches H20 below dome 

loading  pressure 
0 t o  50 1 i ters/min 

10 t o  100 p s i a  
0 t o  5 p s i ,   a d j u s t a b l e  
0 t o  0.2 l b / h r  

continued- 
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Table I l l  - cont inued 

Hydrogen  Pressure  Control  Regulator 

Operating  Pressure: 
Dome Loading Gas: 
D i aph ragm: 

Backpressure: 

Hydrogen Flow  Rate: 

.. Hydrogen . Backpressure  Regulator 

Pressure  Level : 
Operating  Pressure: 

F l u i d :  

Gas Flow  Rate: 

Hydrogen  Detector 

Operat ing  F lu id :  
Operating  Pressure: 
Oxygen Flow  Rate: 
S e n s i t i v i t y :  

.~ Pa r t i a l   P ressu re  Sensor  Assembly 
Oxygen Par t i a l   P ressu re  Range: 
Carbon D iox ide   Par t ia l   Pressure  Range: 

-2 CO Concentrator  Cooling Fan 

I nput : 
output :  

"" E l e c t r o l y s i s  Module "_ Cool ing Fan 
Input :  
output :  

Water Feed Solenoid  Valve 

F l u i d :  
Operat ing  Pressure:  
Input  Power: 

Oxygen Shut-Off  Valve 

F l u i d :  
Operat ing Pressur..: 

Counter-Lung  Vent  Valve 

I n h a l a t i o n  Cracking  Pressure: 
Exhalat ion Cracking  Pressure: 

10 t o  100 p s i a  
Oxygen 
Double, wi th   in terspace  vented 

f o r   s a f e t y  
0 t o  5 p s i  above dome loading, 

ad j us tab 1 e 
0 t o  0.02 l b / h r  

3 t o  20 p s i a  
0 t o  5 p s i  above ambient, 

ad jus tab le  
Hydrogen-Carbon  Dioxide  mixture 

(30% C02 by  vol . )  
1.6 standard 1 i ters/min. 

Oxygen 
0 t o  100 p s i a  
0.15 lb/hr,  nominal 
0.5  percent H by  volume 2 

100 t O  760mm  Hg 
2 t o  lOOmm Hg 

115 v o l t s ,  400 Hz, 16 wa t t s  
22.5 CFM f r e e   a i r  

115 v o l t s ,  400 Hz, 18 wa t t s  
32 CFM f r e e   a i  r 

Water 
0 t o  100 p s i a  
20-30 VDC, 1.0 amp. 

Oxygen 
0 t o  100 p s i a  

less  than  0.1  inch H20 
0.5  inch H20, compensated f o r  

p ressure   b rea th ing  

I 



s y s t e m   o p e r a t t o n ;   p r o v i d e   p r e l i m i n a r y   f l i g h t   r e l i a b i l i t y   i n f o r m a t i o n  and p rov ide  
data  regarding  Operation,  maintenance and se rv i ce   o f   t he   sys tem when i n s t a l l e d  
i n  an a i r c r a f t .  

The complete F1 i g h t   T e s t  Program, i n   a d d i t i o n   t o   t h e   f l i g h t   t e s t i n g   a b o a r d   t h e  
a i r c r a f t ,   c o n s i s t e d   o f   p r e - f l i g h t   g r o u n d   t e s t s  w i t h  the  FBS i n   t h e   l a b o r a t o r y  
t o  check  system  basel ine  performance  and  post- f l ight   ground  tests  in  the  lab- 
oratory   to   determine  what  changes i n  system  operat ion may have  occurred as  a 
r e s u l t   o f   f l i g h t   t e s t i n g .  Each t e s t  phase inc luded  four   types  o f   system  oper-  
a t i on :  1 )  basel ine  per formance;   2)   var ia t ion  o f   breath ing  ra tes;  3) v a r i a t i o n  
o f   b r e a t h i n g  volumes  and 4) o f f -des ign   ope ra t i on .  

The f l i g h t   t e s t i n g   o f   t h e   b r e a d b o a r d   v e r s i o n   o f   t h e  NASA A i rc rew Oxygen  System 
was conducted  aboard a  Navy C-131F a i r c r a f t   a t   t h e   P a c i f i c   M i s s i l e  Range, P o i n t  
Mugu, C a l i f o r n i a   d u r i n g   J u l y  1969. F igure  13 shows the   equ ipment   ins ta l la t ion  
i n   t h e   a i r c r a f t .  

As a r e s u l t   o f   s h i p p i n g  damage and some minor  ground  service  problems, a  number 
o f  system  and  accessory  repairs  were  required.  Spare  parts and  maintenance 
equipment   prov ided  to   suppor t   the  test   program  were  adequate  to   e f fect   the  re-  
q u i r e d   s e r v i c i n g  and repa i r s .  A t o t a l   o f   f i v e   f l i g h t   t e s t s   a c c u m u l a t e d  14.85 
hours o f   f l i g h t   o p e r a t i o n .  The s i g n i f i c a n t   p r o b l e m   i d e n t i f i e d  was t h a t   o f  gas 
genera t ion   by   e lec t ro lys is   in   the   water   feed  p lumbing  due t o  a s h o r t   c i r c u i t   i n  
t h e   e l e c t r o l y s i s  module  between a c u r r e n t   c o l l e c t o r  and an endplate.   This 
problem was co r rec ted   i n   t he   cou rse   o f   t he   pos t - f l i gh t   g round   tes ts .   Typ ica l  
t es t   da ta  i s  shown in   Tab le  IV.  

No s i g n i f i c a n t  change i n  performance  of  the  system was observed  over  the  course 
o f   t h e   f l i g h t   t e s t  program. S p e c i f i c a l l y ,  no  change was observed due t o   o p e r a t i o n  
i n   t h e   a i r c r a f t .   D e t a i l e d   a n a l y s e s   o f  gas  samples  taken  during a l l  phases o f  
the  test   program  ind icate  that   the  system  is   capable  o f   mainta in ing  the  rebreather  
loop gas compos i t ion   w i th in   the  ranges requ i red   fo r   c losed  loop   b rea th ing .  

Major  conclusions  reached as  a r e s u l t   o f   t h e   F l i g h t   T e s t  Program are:  1 )  the 
o b j e c t i v e s   o f   t h e  F1 i g h t   T e s t  Program  were success fu l l y  met;  2) t h e   a i r c r a f t  
f l i gh t   env i ronment  does not   adverse ly   a f fect   system  operat ion;  3) system  oper- 
a t i on ,   se rv i ce  and maintenance  can  be  accomplished  without  laboratory  support 
equipment; 4) t h e   f l i g h t   t e s t  program has successful ly  demonstrated  the  operat ion 
o f  an electrochemical  aircrew  oxygen  system; 5) no l i m i t a t i o n s  o r  design  f laws 
were  found  which  would  negate  the  concept o f   t h i s  system f o r   f u r t h e r  development. I 

Environmental   Test ing 5 

The purpose o f   the   env i ronmenta l   tes ts   were   to  examine t h e   e f f e c t s   o f  low 
temperature and h i g h   a l t i t u d e  on system  performance.  This  task was d i r e c t e d  
towards   iden t i f y ing   p rob lem  a reas   assoc ia ted   w i th   these two cond i t i ons .  

Low Temperature  Test. - Two low  temperature  tests  were  conducted  to examine the 
e f f e c t s   o f  1)  low  temperature  storage and  2) s t a r t - u p   a t  low  temperature. The 
f i 6 s t  t es t   i nvo l ved   p lac ing   t he   F l i gh t   B readboard  System i n  a c o l d  chamber a t  
-5 F f o r  24 hours. A t  the   conc lus ion   o f   th is   soak ing   per iod ,   the   sys tem was 
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FIGURE 13 AFT VIEW OF EQUIPMENT INSTALLATION IN AIRCRAFT 
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TABLE I V  

TYPICAL  FLIGHT BREADBOARD SYSTEM  DATA 

Date: 

Operat ing Time (Hrs) 

WES Module  Volts 

Module Amps 

Module Temp.-  F 

0 Pressure ,- p s i a  

0 

2 

CDCS Module V o l t s  

Module Aaps 

Module Temp.- F 
0 

System inpu t  DC Vo l t s  

Input  DC Amps 

Input  AC V o l t s  

Inpu t  AC Amps 

O2 Supply  Pressure - p s i a  

C02 Par t ia l   Pressure  - mm Hg 

O2 Bleed Y SLPM 

C02 Flow - SLPM 

Breathing  Rate  Cycles/Min 

T i d a l  Volume- C C  

PRE- 
FL I GHT 

5/26/69 

15.5 

22.0 

22 .o 
149.0 

75 *O 

4.8 

7.0 

109.0 

27.8 

23 .o 
116.0 

.85 
71 .O 
4.9 

57 

.49 

18.0 

780.0 

FL I GHT 

7/ 1 7/69 

80 .O 

19.6 
19.0 

149.0 

73.5 

4.4 
7.2 

109.0 

27.2 

21 .o 
109.0 

- 90 

71 .O 
6.3 

.57 

.48 

18.0 

780.0 

POST- 
FL I GHT 

91 1 3/69 

97.9 

22.6 

21.5 

149.0 

73.0 

3.8 
6.9  

107.0 

27.4 

23 .o 
110.0 

1.3 
72.0 

7.6 

- 57 

.49 

18.0 

780.0 
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removed from  the chamber and a1 lowed to equi  1 i b r a t e  with the  ambient  temperature 
(75OF) fo r   ano the r  24 hours. A four -hour   tes t   a t   des ign   opera t ing   cond i t ions  
was conducted to   de termine  if any  change i n  performance was a t t r i b u t a b l e   t o  a 
low  temperature  storage  condi t ion.  The system  performance was normal  and  no 
change f rom  p rev ious   tes t   da ta  was observed. 

The F l i g h t  Breadboard System was aga in   p laced   i n   t he   co ld  chamber a t  -5OF f o r  
24 hours. A t  t h e   c o n c l u s i o n   o f   t h i s   p e r i o d ,   t h e   F l i g h t  Breadboard System was 
removed f rom  the chamber and s t a r t - u p   i n i t i a t e d .  The e l e c t r o l y s i s  module v o l -  
tage was lower  than  expected a t   t h e   c o l d   s t a r t - u p   c o n d i t i o n .  The v o l t a g e   d i d  
n o t  change s i g n i f i c a n t l y  due to  temperature. All components funct ioned  normal ly  
d u r i n g   t h e   t e s t .  A t  t h e   c o n c l u s i o n   o f   t h e   t e s t   a l l  components  were a t  normal 
ope ra t i ng   t empera tu re ,   excep t   f o r   t he   e lec t ro l ys i s  module  water  reservoir  which 
had a l a r g e  lump o f   i c e   f l o a t i n g   i n   t h e   w a t e r .  The d a t a   f r o m   t h i s   t e s t   i s  
shown i n   T a b l e  V. 

The c o l d   s t a r t - u p   t e s t  
m a l l y   a t   l e a s t  to  near 
w i  t h  i c e  may be the on 

igd ica tes   tha t   the   e lec t rochemica l  modules func t i on   no r -  
0 F and tha t   hea t ing   o f   t he   p lumb ing   t o   p reven t   p lugg ing  

l y   c o l d   s t a r t   r e q u i r e m e n t .  

A l t i t u d e  Chamber Tests.  - The F l i g h t  Breadboard  System  and a u x i l i a r y  equipment 
were i n s t a l l e d   i n  an a l t i t u d e  chamber t o  examine  system  performance w i t h  changes 
i n  ambient  pressure. The system was s t a r t e d  and opera ted   a t  sea leve l   p ressure  
fo r   one -ha l f   hou r .  The pressure was lowered t o  an a l t i t u d e   o f  5,100 f e e t  and 
he ld   fo r   twenty   m inu tes .  The a l t i t u d e   t h e n  was increased  in  steps  of  10,000 
f e e t   u n t i l   t h e  maximum chamber a l t i t u d e  reached was 38,500 f e e t  due t o   t h e  
c a p a c i t y   o f   t h e  chamber vacuum system. 

A t  36,000 fee t   the   counter - lung  p ressure   con t ro l  began t o   o p e r a t e   i n   t h e   p r e s -  
sure  breathing  schedule as ind icated  by an inc rease  in   the   b rea th ing   loop  
pressure. One c e l l   o f   t h e  carbon  dioxide  concentrator  module  decreased i n   v o l -  
t age   t o   nea r   ze ro   a t   t he  maximum a l t i t u d e   o f  38,500 feet   but   recovered  prompt ly  
upon r e t u r n   t o  sea l e v e l .  

A t  the   h igh   a l t i tude   cond i t ion   the   carbon  d iox ide   concent ra to r   tempera ture  began 
t o   r i s e  due t o   t h e   l i m i t a t i o n   o f   t h e   c o o l i n g   a i r   b l o w e r s   w h i c h  were s i z e d   f o r  
sea level   operat ion.   Steady  s ta te  test   data  taken  dur ing  the  env i ronmenta l  
t e s t s   a r e  shown i n   T a b l e  V. 

Man- i n-  the-Loop  Test  Program 6 

A Man-in-the-Loop t e s t  program was conducted w i t h   t h e  NAOS F l i g h t  Breadboard 
System.  The purpose o f   the   man- in - the- loop  tes t   p rogram  w i th   the  FBS was: 
1 )  to  determine  system  performance wi th ac tua l  manned operat ion;  2)  t o   o b t a i n  
op in ions as t o   t h e   c o m f o r t   i n   u s i n g   t h i s  system; 3) t o   de f i ne   a reas   requ i r i ng  
f u r t h e r  development as a r e s u l t  of t he  manned tes ts ;  and 4) to   ob ta in   exper ience 
i n   u s i n g  a rebreather  system  by  the  test   subjects who were members o f   t h e  NAOS 
p r o j e c t  team. 

As a f i n a l   s a f e g u a r d   p r i o r   t o   t h e  manned t e s t s   o f   t h e  FBS, an animal  test  program 
was conducted. The purpose o f  the  an imal   tests  was to   de te rm ine   t he   e f fec ts  
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TABLE V 

FL IGHT BREADBOARD  SYSTEM  DATA - ENVIRONMENTAL  TESTS 

Date  9/24  9/24  9/26  9/26  10/16  10/20  10/20  10/20  10/20  10/20  10/2D  10/20  10/20 

Operating  Time  123.2  125.4  127.3  129.0  131.0 131.8 132.4  132.9 133.7 134.2 134.5 134.7 135.0 

WES Module   Vo l ts  
Module Amps 
Module Temp. - F 
0 P ressu re  - p s i a  
Hz - H20AP - p s i  
H P ressu re  - p s i a  

2 

2 

C D C S  Modu le   Vo l ts  
Module Amps 
Module Temp. - OF 

H P ressu re  - p s i g  
BTower V o l t s  
B lower   Cur ren t  - ma 

System  Input DC V o l t s  
I n p u t  DC Amps 
I n p u t  AC V o l t s  

0 Supply  Press.  - p s i a  ~ 6 ,  P a r t i a l   P r e s s .  - mm H$ 
0 P a r t i a l   P r e s s u r e  - mm Hg'; 

LU 
ch I n p u t  AC Amps 

2 

Coolant  Temperature - OF 

O2 Bleed - SLPM 

C02 Flow - SLPM 

Brea th ing   Ra te  - cyc les /m in  

T i d a l  Volume - cc 

Breath ing   Loop  Pressure  - i n  H20 

A l t i t u d e  - Feet  

Ambient  Temperature 

20.2 
21.5 
149 
73 

2 1.8 
2 74.5 

2 27.5 
= 21.0 
2 110 

1.0 
2 73.0 
a 3.0 

2 0.62 

20.4  21.8  21.5 
22.0 
149 I 4 9  149 
73 73 73 
1.4 1.25 1 .3  
75.0  71.0  71.0 

4.3 4.2 4.1 

l o a  L G  IO7 109 

82 I 2 a2 a2  

21.5 21.8 

7.0 7.0  7.0 

0.7 OIn8 1.4 0.6 

175 177 176 
ml- 
-~ 

W 

LC LL 27.4  27.5 s a  
~ > 22.5  22.0 - =  110 I 1 0  

o r  3.0 
m 5 780 780 

5 2  1.3 1.0 
L z  69.0 69.0 
x w  - 

20.5 20.8 21.0 20.0 19.9 
21 .o  20.5 20.0 20.0 21.8 
I 3 3  110 144 149 119 
73 73 73 73  73 
1.6 - 1 .4 1.9 2.1 1.7 
72.0 72.0 72.0 72.5 72.0 

W 

2 27.5 27.6 
20.5 l- 20.0 

5 110 g I 1 0  
a 1.0 2 0.7 
- 70.0 69.5 
~ 2.1 2 2.4 

640  3  80 
J 

$, 65 
a 
z - 

4.1 
7.0 

0.6 

160 

27.5 
20.0 
110 
0.9 
69.0 

250 

1 oa 
a5 

3.9 
7.0 
108 

90 
I 3 5  

27.5 
19.5 
109 
0.9 
69 .O 

210 

0.9 

- 

4.7 
7.0 
101 
0.4 
82 
178 

26.0 
21 .o 
110 
0 - 7  
69.0 
1.5 
240 

65 65 65 65 

0.60 0.60 0.60 0.60 0.60 

0.45 0.48 0.48 0.48 0.48 

18 1 8  l a  18 18 

780 780  780  780  780 

W5.0  015  015 .5/4.5 0/5 

19.2 
20 .o 
134 
73 
2.3 
73 .O 

3.7 
7.0 
108 
1.2 
94 
112 

26.0 
20.0 
110 
0 .8  
70.0 

110 

65 

0.60 

0.48 

18 

780 

1 / 4  

19.6 
18.8 
142 
74 
2.5 
74.0 

3.3 
7 - 0  
110 
1 * 9  
95 
106 

26.2 
18.5 
1 IO 
0.8 
71  .O 

400 

65 

- 

0.48 

18 

780 

3.516 

19.8 
16.5 
146 
74 
2.5 
74.5 

2.9 
7.0 
112 

95 
2.0 

I 0 6  

26.5 
15.5 
109 
0.8 
71 .O 

430 

65 

0.48 

18 

780 

51 7 

20.0 
21 .s 
149 
73 
3.1 
73 * O  

4.1 

108 
0 .7  
82 
176 

7.0 

25.7 
23 .O 
I 0 9  
1 .o 
69 .O 
3.6 
260 

65 

0.60 

0.48 

18 

780 

015 

- S . L .  5100  14300  S.L.  24800  36000  38500 S.L. 

75 75 75 75 65 66 66 66 62  62  62  62  62 

: ' ;Par t ia l   p ressure   sensor   read ings   e r ra t i c .  



o f  oxygen  generated  by  the FBS on the lung  t issue  of   smal l   animals.   Exposures 
were  conducted  using  hamsters and mice  as  the  test  animals.  The  animals  were 
p laced   I n  a Plex ig las  enc losure  through  which  the  rebreather  gases  were 
c i r c u l a t e d .   F i g u r e  14 shows t h e   t e s t  arrangement for the  animal  exposures. A 
s ing le   acu te   exposure   o f  3.5 hours  durat ion and chronic   exposures  o f  5.5 hours 
a day fo r   ten   consecut ive  days  were  conducted w i t h  two  groups o f   an ima ls .  A t  
the   conc lus ion   o f   the   exposures ,   the   an ima ls   were   sacr i f i ced   accord ing   to  a 
pre-determined  schedule. The l u n g   t i s s u e s   o f   t h e  exposed  animals  and a c o n t r o l  
group  were examined. As a resu l t   o f   t he   l ung   t l ssue   examina t ions ,  it i s  
r e p o r t e d   t h a t   n o   s i g n l f i c a n t  change I n   t h e   l u n g   t i s s u e s  was observed  as a r e s u l t  
o f   t h e  exposures to  the  oxygen  system. 

Four members o f   t h e  NAOS p r o j e c t  team vo lun teered  as   tes t   sub jec ts   fo r   the  
manned t e s t i n g   o f   t h e  FBS. Two s e r i e s   o f   t e s t s  were  conducted.  During  the 
f i r s t   t e s t   s e r i e s  each o f   t h e   t e s t   s u b j e c t s   u s i n g   a v i a t i o n  oxygen masks, breathed 
gases generated and processed  by  the FBS. During  these  tests  the  system was 
operated w i t h  and w i thout   sa fe ty   p ressure .  When safety   pressure was no t  used 
and the  counter- lung  vented  to  atmosphere,  the mask pressures  varied  between 
-+1  inch  of   water wi th respect  to  ambient  pressure.  When the  counter- lung was 
pressur ized w i t h  t h e   a i r   p r e s s u r e   c o n t r o l   r e g u l a t o r ,   r e s u l t i n g   i n  a safety  
pressure  in   the  rebreather   loop,   the  ext remes  in  mask pressure   var ied  between 
atmospheric  pressure  and 4 inches o f   w a t e r  above  atmospheric  pressure.  Breathing 
on the  system  wi thout   safety   pressure was found  to  be qu i te   comfo r tab le .  When 
sa fe ty   p ressure  was used, the  requirement  of  making a consc ious   e f fo r t   t o   exha le  
was found t o  be  uncomfortable. However, i t  was found  tha t   b rea th ing   aga ins t  
t h i s   h i g h e r   p r e s s u r e  becomes l e s s   d i f f i c u l t  w i t h  p rac t ice .   Phys io log ica l   ex -  
aminat ions  o f   the  test   subjects '   respi ra tory   system  were  conducted  pr ior   to  and 
a f t e r   t h e  manned t e s t  w i t h  the  oxygen  system. No de t r imen ta l   e f fec ts  due t o  
b rea th ing  on the  system  were  observed i n  any o f   t h e   t e s t   s u b j e c t s '   r e s p i r a t i o n  
cha rac te r i s t i cs .   F igu re  15 i s  a p h o t o g r a p h   t a k e n   d u r i n g   t h e   f i r s t   t e s t   s e r i e s .  

A second s e r i e s   o f   t e s t s   o f  two  hours  duration was conducted. These t e s t s  were 
conducted w i t h  a d i f f e r e n t  mask and mask suspension  system  which was found by 
t h e   t e s t   s u b j e c t s   t o  be  more comfortable.  Carbon d iox ide   l eve l s   i n   t he   reb rea the r  
gases throughout a l l   o f   t h e  manned t e s t  program  remain a t   ve ry  low l e v e l s  (40.2%). 
Table VI shows the   rebrea ther  gas composit ions  from samples taken  dur ing  the 
f i r s t   t e s t   s e r i e s .   P e r c e n t a g e  oxygen in  the  rebreather  loop  approached 80 percent 
on the  average  dur ing a l l   o f  these  tests  due t o  mask leakage. Mask leakage  also 
l i m i t e d   t h e  amount o f   t ime   tha t   t he   sys tem was operated  wi th   safety   pressure due 
to   t he   f ac t   t ha t   l eakage   wou ld  exceed t h e  oxygen  generat ion  capabi l i ty   (0.185 
l b / h r )  when us ing  safety   pressure.  When sa fe ty   p ressure  was employed, the  oxygen 
con ten t   o f   t he   reb rea the r  gases  increased as would be expected. When safety  
pressure was n o t  employed, leakages on t h e   o r d e r   o f  85 cc  per  minute  were  cal- 
cu la ted   wh ich   resu l ted   in   the   oxygen  conten t   o f  80 pe rcen t   i n   t he   b rea th ing  gases. 
I t  was therefore  demonstrated  that   for   c losed  loop  systems,   in   order   to   take 
advantage o f   t h e   c o n s e r v a t i o n   o f  oxygen  which  closed  loop  systems o f f e r ,  it i s  
necessary  that mask leakage be v i r t u a l l y   e l i m i n a t e d .   A l s o ,   s a f e t y   p r e s s u r e  
should  be  employed to   p revent   inward   leakage,   bu t   fo r   the   sake  o f   the   av ia to r ' s  
comfort,   pressures  should  not  be  higher  than  necessary. 
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FIGURE 14 ANIMAL  TEST  EQUIPMENT  ARRANGEMENT 



F I G U R E  15 MAN-IN-THE-LOOP TEST I N  PROGRESS 



TABLE VI 

MAN-IN-THE-LOOP  TESTS 
REBREATHER  LOOP GAS COMPOSITIONS 

Vo 1 ume Percent P a r t s   P e r   M i l l ~ i o n  

Unknown 
Sample Co, 0 A r  3 l i 2  3 3 E CH30H Hydrocarbon -2 - 

R-67 0.08 64.8 0.94  34.0  0.19 0.04 8  8 3 
R-68 0.03 61.5 0.72 37.5 0.20  0.06 8 3 1 

R-69 0.07 50.2 0.89 48.8 0.07 15 8 2 2 

R-70 0.12 85.3 0.73 13.5 0.32 15 17 2 3 
R - 7 1  0.09 66.4 0.76  32.5 0.24 16 10 2  2 

R-72 0.08  92.5  0.62 6.45 0.38 16 10 2 3 
R-73  0.09 65.9 0.79  32.9 0.33  0.03 18 2 3 
R-74  0.09  87.2  0.72 11.5 0.41  0.09  26  2 3 

The f o l l o w i n g  compounds were  less  than 
1 p a r t   p e r  mill i o n   f o r   a l l  samples. 

NOx SO2 H2S C2H6 C2H4 COS H C l  C S 2  CH2C12 (CH3)3SiOH 
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CONCLUSIONS 

Based  on t h e   r e s u l t s   o f   t h e   A i r c r e w  Oxygen System  Deveiopment  Program, the 
fo l lowing  major  conclusions  were  reached: 

1. All program  object ives  were  successful ly  met.  

2. No l imi tat ions  or   design  f laws  were  found  which  would  negate  the 
concept o f   t h i s  system f o r   f u r t h e r  development. 

3 .  The system i s   s a t i s f a c t o r y   f o r  manned usage. 

4. Long te rm  opera t ion   o f   the   e lec t rochemica l  components was 
s a t i s f a c t o r i l y  demonstrated. 

5. The carbon  d iox ide  concentrator   is   capable  o f   mainta in ing  carbon 
d iox ide   pa r t i a l   p ressu re   be low lmm Hg i n   t h e   b r e a t h i n g   l o o p .  

6 .  The opera t ion   o f   the   water   e lec t ro lys is   subsys tem as  an  oxysen 
genera tor   in  an  open loop mode i l l u s t r a t e s   t h e   s i m p l i c i t y   o f  
t h i s  method o f  oxygen  generat ion  for  open loop as w e l l  as c losed 
loop  systems. 

7. Mask leakage must  be  reduced s i g n i f i c a n t l y   f o r   c l o s e d   l o o p  systems 
compared tcj what may be t o l e r a t e d   i n  open loop  systems. 

8. Mainta in ing  water   ba lance  in   the  carbon  d iox ide  concentrator  
module  remains a c o n d i t i o n   r e q u i r i n g   c l o s e   c o n t r o l .  

9 .  A t  t he   conc lus ion   o f   t he  FBS t e s t  program,  the  on ly   unre l iab le 
components i d e n t i f i e d   a r e   t h e  oxygen  and  carbon  dioxide  part ia l  
pressure  sensors  in  the  rebreather  loop and the  water  feed  solenoid 
valve.  

10. The s i z e  and  weight of a packaged p ro to type   sys tem  i s   app l i cab le   t o  
a i   r c r a f  t requ i rements. 

1 1 .  The test  stands  developed  under  the  program  are  useful as general 
purpose t e s t  equipment  al lowing a wide  range o f   t e s t   o p e r a t i o n s .  
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RECOMMENDATIONS 

Based  on NAOS program  experience,  the following major  recommendations  are 
made with regard to the  system,  subsystem  and  components. 

1 .  The Flight  Breadboard  System  should  be  further  evaluated in a 
manned  and  env i ronmen  ta 1 test  program. 

2. Development of an  aircraft  prototype  system for closed  loop 
operation  should  be  continued by a user  agency. 

3 .  Development  of  the  electrochemical  components  for  other  applications 
such  as  spacecraft,  medical,  underwater  and  rescue  'type  backpacks 
should  be  initiated or  continued. 

4. Reliable  miniature  partial  pressure  sensors  for  gas  analyses  are 
required  as  warning  devices.  These  sensors  should  be  identified 
as  to  reliability or  special  units  developed. 

5. Mask  leakage  problems  must  be  solved to take  full  advantage  of 
closed  loop  systems. 
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